The low-anity nerve growth factor receptor p75 NTR belongs to a membrane receptor superfamily whose members, in certain cell types, are able to transduce an apoptotic signal. To investigate the eect of p75 NTR expression in neuroblastoma cells, we transfected the p75 NTR cDNA into SK-N-BE cells, a neuroblastoma cell line that lacks expression of both p75 NTR and TrkA. Cell clones expressing elevated levels of p75 NTR showed a high degree of cell death by apoptosis, even in serumsupplemented medium. Moreover, the level of apoptosis correlated directly with the expression level of the receptor, indicating that p75
Introduction
During development, neurons require neurotrophins for their survival and dierentiation. At the time of target ®eld innervation, sympathetic and sensory neurons become dependent on target-derived nerve growth factor (NGF) (Levi-Montalcini, 1987; Barde, 1989; Ra et al., 1993) . NGF action is mediated by two classes of cell surface receptors: TrkA Klein et al., 1991) , a member of the Trk family of tyrosine kinase receptors and the low anity receptor p75 NTR (Johnson et al., 1986) that, besides binding NGF, binds the other neurotrophins as well (Rodriguez-Tebar et al., 1990) . p75 NTR belongs to a family of membrane proteins, which includes the TNF receptors (TNFR1 and TNFR2), Fas, CD30 and CD40, characterized by homologous extracellular domains, which consist of cysteine-rich pseudorepeats of about 40 amino acids, a single transmembrane domain and a cytoplasmic domain which lacks sequences implying catalytic activity (Smith et al., 1994) . These membrane proteins can mediate dierent biological responses depending upon cell-type, stage of dierentiation and transformation status; some of them (i.e. the TNF receptors and Fas) can mediate apoptosis, a form of programmed cell death (Smith et al., 1994) .
The role of p75 NTR in the functional response to NGF is still controversial (Barbacid, 1993; Chao and Hempstead, 1995) . Some reports indicate that p75 NTR collaborates with TrkA in the formation of high-anity binding sites and in NGF signal transduction (Hempstead et al., 1991; Barker and Shooter, 1994; Hantzopoulos et al., 1994; Verdi et al., 1994) , whereas others suggest that TrkA alone may be sucient (Jing et al., 1992) . From recent studies, on p75 NTR knockout mice, it appears that p75 NTR may increase neuronal sensitivity to NGF during critical developmental periods and modulate signal transduction by TrkA (Lee et al., 1992 (Lee et al., , 1994 Davies et al., 1993) . On the other hand, Rabizadeh et al. (1993) reported that p75 NTR expression in immortalized neural cells induces apoptosis after serum withdrawal. This eect is suppressed by NGF and, to a lower extent, by monoclonal antibodies directed against the p75 NTR extracellular domain. Similarly, PC12 cells undergo apoptosis in serum free medium more extensively than PC12 mutant cells, which lack the expression of p75 NTR (Rabizadeh et al., 1993) . It is known that programmed cell death occurs very extensively during nervous system development, leading to the elimination of a signi®cant number of neurons (up to 50%) (Oppenheim, 1991; Ra et al., 1993) . This selection takes place in large part during target ®eld innervation, when the availability of targetderived neurotrophins is the critical factor in determining neuronal survival. Only those neurons provided with adequate amounts of the speci®c neurotrophin survive and innervate the target. This mechanism ensures that the ®nal number of surviving neurons is appropriately matched to the target ®eld requirements, and that those neurons projecting to incorrect targets are eliminated. Considering its apoptotic properties, it is plausible that p75 NTR could have a role in this context of natural occurring cell death. In support of this hypothesis, a recent report (Barret and Bartlett, 1994) demonstrates that during mouse embryonic development p75 NGF in the perinatal stage (E19), as well as in the early postnatal period (P2).
Neuroblastoma (NB) is a childhood tumor derived from neural crest cells. A prognostic marker of NB is the ampli®cation of the N-MYC proto-oncogene that is characteristic of more aggressive tumors (Brodeur et al., 1984) . More recently an inverse correlation between N-MYC ampli®cation and the expression of NGF receptors has been reported in NB. Tumors bearing N-MYC ampli®cation and lacking NGF receptor expression are very aggressive and have the worst prognosis (Christiansen et al., 1990; Nakagawara et al., 1992) . Inverse correlation between tumor progression and p75 NTR expression has been observed also in prostate cancer (P¯ug et al., 1992) . The potential apoptotic properties of p75 NTR in the late stages of development and during the post-natal period (Barret and Bartlett, 1994) , suggest its direct involvement in NB development. Neuroblasts lacking p75 NTR expression may escape apoptosis and subsequently undergo malignant transformation. To investigate the ability of p75 NTR to induce apoptosis in NB cells, we introduced the p75 NTR cDNA into the NB cell line SK-N-BE, which resembles immature embryonic neuroblasts. This line lacks the expression of both NGF receptors, and, like most NB cell lines, carries N-MYC ampli®cation.
Results

Eect of p75 NTR expression in NB cells
The NB cell line SK-N-BE was used to study the behavior of neural crest-derived neoplastic cells expressing high levels of p75 NTR , but not TrkA. This cell line was chosen because it does not express either p75 NTR or TrkA mRNA and proteins, as demonstrated by Northern and Western blot (Figure 2) , and by reverse transcription (RT) ± PCR analysis ( Figure 7) . SK-N-BE cells were either transfected with the plasmid pCEP4b, a mammalian episomal expression vector carrying the hygromycin resistance gene, or pC4SLR, a plasmid obtained by inserting the cDNA coding sequence for human p75 NTR into pCEP4b under the control of the cytomegalovirus promoter. Transfected cells were split 1:20 and selected in medium containing 300 mg/ml of hygromycin. After 2 weeks a few small colonies were obtained for cells transfected with pC4SLR, much less with respect to the number of colonies obtained upon transfection with pCEP4b. The colony formation eciency was determined 1 month after plating in selective medium; the results of two independent experiments, using dierent amounts of plasmid DNA, are reported in Table 1 . The remarkable dierence in colony number between pCEP4b and pC4SLR transfectants is a strong indication that p75 NTR expression inhibits colony formation and cell growth.
Hygromycin-resistant colonies were isolated and propagated. Cells transfected with pCEP4b did not show any dierence in morphology and growth rate with respect to parental cells. Transfection with pC4SLR presented many round, refractile cells in the process of detaching from the dish and many cells oating in the medium. All these features indicate extensive cell death. Two representative clones containing pC4SLR (BEp75B and BEp75H) and one with pCEP4b (BEpCEP) were chosen for further analyses. By maintaining BEp75B and BEp75H cells without the selective agent for over a month, we obtained two cell populations (BEp75B-Hy 7 and BEp75H-Hy
7
) showing a growth rate and morphology closer to that of SK-N-BE cells. The morphology of SK-N-BE, BEpCEP, BEp75B and BEp75B-Hy 7 cells is shown in Figure 1 .
Analysis of p75 NTR expression in transfected clones
The expression of the p75 NTR recombinant gene in BEp75B, BEp75H and their -Hy 7 derivatives was analysed by Northern and Western blot (Figure 2 ). The level of p75 NTR transcript in both BEp75B and BEp75H clones was much higher than that observed in CHP-134 cells, a NB cell line that constitutively expresses the p75 NTR and TrkA genes. By densitometric analysis of the Western blot, shown in Figure 2b , the expression level of p75 NTR in BEp75 clones appeared to be about threefold higher than that in PC12 cells, a rat pheocromocytoma cell line. On the other hand, BEp75B-Hy 7 and BEp75H-Hy 7 cells showed much lower levels of the p75 NTR transcript and protein (10 ± 15%) in comparison with those of parental clones. This is most likely the result of progressive loss of the episomal plasmid, since the hygromycin resistance gene, which is linked to the p75 NTR gene, is no longer selected for growth in hygromycin-free medium.
To verify the presence of p75 NTR protein and its localization in the plasma-membrane, cells, grown on slides, were ®xed and immunostained by using an antip75 NTR monoclonal antibody. These experiments showed high levels of p75 NTR in the membrane of BEp75B and BEp75H cells and remarkably weak labeling in their -Hy 7 derivative cells ( Figure 3 ).
Evaluation of apoptosis induced by p75 NTR
The morphological features of BEp75 cultures, as they appeared to the light microscope, were diagnostic of apoptosis. As described above, many cells were round, tended to progressively lose cell-cell contact and detach from the dish. On the contrary, the morphology of BEp75-Hy 7 cells diered from that of the parental clone, in that they are more similar to SK-N-BE cells (Figure 1 ). During the propagation of BEp75 clones in the absence of hygromycin we observed a progressive loss of the episomal plasmid carrying p75 NTR cDNA. This was accompanied by a gradual decrease in the number of apoptotic cells and a reversion to the properties of the parental cell line (data not shown). This observation, together with the Northern and 
NGF-mediated survival
It has been reported by Rabizadeh et al. (1993) that apoptosis induced by p75 NTR in neuronal cells, in the absence of fetal calf serum (FCS), can be inhibited by NGF. BEp75 cells grew very slowly and showed high levels of apoptosis, in medium supplemented with FCS. Following serum withdrawal, we observed a dramatic increase in cell death, so that the cultures rapidly extinguished. Therefore we tested the eect of NGF on cell survival in serum free conditions. BEp75B and BEp75H cells were plated in complete medium with or without NGF (4 nM), and 24 h later the cells were switched into serum-free medium, always in the presence or absence of NGF. Every day viable cells were identi®ed by trypan blue exclusion. While most cells rapidly died in the absence of the neurotrophin, NGF-treated cells showed only a slight decrease in cell number with a death rate lower than that of control BEpCEP cells, indicating that NGF inhibited p75 NTR -induced cell death ( Figure 5 ). The eect of NGF on BEp75 cell survival was also tested in medium supplemented with 5% serum. After 4 days of culture in the absence of NGF the number of cells did not vary signi®cantly, while in the presence of NGF it almost tripled, indicating that NGF can rescue the cells from apoptosis even in the presence of serum (data not shown). To verify that this survival eect was due to the ability of NGF to protect cells from apoptosis, BEp75 cells were seeded on slides and treated as described above. Twenty-four hours after serum deprivation, cells were ®xed and the nuclei stained with Hoechst. As shown in Figure 6 , the number of apoptotic nuclei in BEp75B cells greatly decreased following NGF treatment.
To investigate whether BEp75 cells produced neurotrophins, total RNA extracted from BEp75B cells was subjected to RT ± PCR analysis with speci®c primers to amplify the cDNA of NGF, brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), independently. These experiments did not reveal speci®c bands for the neurotrophin transcripts, indicating that the corresponding genes are not expressed in these cells (Figure 7) . 
Discussion
We investigated the eect of p75 NTR expression in NB cells by transfecting the receptor cDNA into the NB cell line SK-N-BE that does not express either NGF receptors. Our results show that the presence of high levels of p75 NTR is cytotoxic for NB cells. Cell clones expressing the receptor underwent extensive cell death by apoptosis, as revealed by analysis of cell morphology and DNA fragmentation either using gel electrophoresis or terminal deoxynucleotidyl transferasemediated DNA labeling (TUNEL technique, not shown). Cell death took place also in the presence of FCS, indicating that serum deprivation is not a prerequisite for the apoptotic eect of p75 NTR . Rabizadeh et al. (1993) reported induction of apoptosis by p75 NTR in immortalized neuronal cells only in the absence of serum. The ability of p75 NTR to trigger apoptosis in BEp75 cell clones, grown in complete medium, could result from the expression of very high levels of p75 NTR protein, or could depend on the nature of our cell system: cells resembling immature neuroblasts that carry N-MYC ampli®cation (Reynolds et al., 1988) . It is known that deregulated c-MYC expression induces apoptosis in cultured cells following serum deprivation (Evan et al., 1992) . We observed that the parental cell line (SK-N-BE) that expresses N-MYC (Peverali et al., 1996) undergoes apoptosis after 
BEp75B
BEp75B + NGF . A similar eect has been shown for TNFainduced apoptosis, which is more readily triggered in Rat1A ®broblasts expressing high levels of c-MYC (Klefstrom et al., 1994) .
BEp75 clones were very dicult to grow, due to their high level of apoptosis. When these clones were grown in non selective medium, we observed a progressive loss of the episomal plasmid carrying the p75 NTR cDNA. This resulted in a marked decrease of receptor expression along with a much lower level of apoptosis. These experiments further support that the cytotoxic action of p75 NTR is due to its ability to induce apoptosis even in growth favoring conditions, when overexpressed. On the other hand, we observed that BEp75 clones grown for prolonged periods in selective medium supplemented with 15% FCS went through a crisis, and then gradually became less apoptotic, even if they still expressed a high level of p75 NTR (data not shown). This suggests that further mechanisms able to counteract the p75 NTR action took place in these cells and conferred resistance to apoptosis.
In agreement with what has been observed by Rabizadeh et al. (1993) , we have also shown that NGF protected p75 NTR -expressing clones from apoptosis. It seems that the survival response to NGF depends on binding of the neurotrophin to p75 NTR without any involvement of TrkA or other member of the Trk family. In fact, we show that SK-N-BE cells do not express TrkA and, most likely, neither TrkB nor TrkC: as reported in the Western blot experiment shown in Figure 2b , immunodetection of Trk proteins was performed using polyclonal antibodies that besides reacting with TrkA recognize TrkB and TrkC. Furthermore SK-N-BE cells do not express the NGF, BDNF and NT-3 genes, as proven by RT ± PCR. Recently Barrett and Bartlett (1994) reported that p75 NTR undergoes a switch in function during sensory neuron development, transducing the NGF-dependent survival eect during embryogenesis, and a death signal in the perinatal and early postnatal period in the absence of NGF. As these authors suggested, the modulation of p75 NTR function could depend on other membrane proteins that interact with p75 NTR , and a candidate protein could be TrkA. Indeed, it has been shown that NB cells expressing an exogenous TrkA gene dierentiate in response to NGF (Lavenius et al., 1995) and p75 NTR collaborates with TrkA in the functional response to NGF in nervous cells (Barker and Shooter, 1994; Verdi et al., 1994) . Recent experiments (Frade et al., 1996) performed on developing chick retina demonstrate that administration of anti-NGF or anti-p75 NTR antibodies greatly reduce the level of apoptosis at embrionic day 6, indicating that at speci®c stages of nervous system development the apoptotic activity of p75 NTR may depend on NGF binding. Taken together these observations suggest that p75 NTR -induction of apoptosis is a complex phenomenon that can be dierently regulated in various cell types.
Although it is not known how p75 NTR can trigger apoptosis, and how NGF can prevent this process, accumulating evidence suggests that the receptor could be directly involved in signal transduction. Indeed, it has been reported that NGF binding to p75 NTR stimulate glycosyl-phosphatidylinositol hydrolysis in cochleovestibular ganglia cells (Represa et al., 1991) and induces dierentiation, through the sphingomyelin pathway, in glioma cells that lack TrkA (Dobrowsky et al., 1994) . Furthermore, activation of the transcription factor NF-kB by NGF, but not BDNF or NT-3 through p75
NTR has been reported in Schwann cells (Carter et al., 1996) . These ®ndings clearly demonstrate the existence of dierent signal transduction pathways speci®cally coupled to p75 NTR , independent of TrkA. It has been shown that deregulated expression of proteins involved in the control of apoptosis may play an important role in the process of tumorigenesis (Harrington et al., 1994) . Our results, demonstrating a speci®c apoptotic eect of p75 NTR in NB cells, suggest that its untimely down-regulation may play a crucial role in the malignant transformation of neuroblasts. p75 NTR would act as tumor suppressor whose lack of expression could allow developing neuroblasts to escape growth restrictions due to limited availability of trophic factors. This could represent an early step in the genesis of NB, promoting the expansion of cellular clones susceptible to further genetic alterations (such as N-MYC ampli®cation) and their subsequent progression towards a more malignant phenotype. In agreement with this, most NB arise in developmental stages, the few months prior to and during the ®rst years after birth, characterized by high levels of apoptosis in the peripheral nervous system (Guin et al., 1969; Oppenheim, 1991; Kinnier-Wilson and Draper, 1974) .
It has been reported that in NB there is a correlation between expression of NGF receptors and favorable prognosis (Azar et al., 1990; Kogner et al., 1993) . On the basis of these ®ndings, it has been suggested that the presence of both receptors might be related to more dierentiated phenotypes which, perhaps, are prone to further dierentiation. Recently, the hypothesis has been advanced that spontaneous regression of stage 4s NB could result from the activation of the physiological apoptotic program in the tumor cells, rather than from an immunological response (Pritchard and Hickman, 1994) . Thus in 4s NB naturally occurring cell death might simply be delayed: its activation would lead to tumor shrinkage. Our ®ndings suggest that p75 NTR may play a role in this process, and raise the possibility of promoting tumor regression by inducing its expression.
Materials and methods
Cell culture
The human NB cell line SK-N-BE (Biedler et al., 1973) was grown in RPMI-1640 medium supplemented with 2 mM glutamine, 15% FCS and gentamycin (50 mg/ml), at 378C in a humidi®ed atmosphere with 5% CO 2 , as previously described (Bunone et al., 1995) . Hygromycin resistant clones were grown in complete medium plus 300 mg/ml hygromycin. Cells expressing p75 NTR were maintained in the selective medium supplemented with 30% FCS.
Cell transfection and generation of NB cells expressing p75
NTR SK-N-BE cells, plated at 5610 5 /50 mm petri dish 24 h previously, were transfected with 6 or 12 mg of pC4SLR or pCEP4b plasmid DNA using the liposome technique (Lipofectin Reagent BRL), as described by Felgner et al. (1987) . The plasmid pC4SLR was constructed by inserting the coding sequences of the human p75 NTR gene (1.5 kb ApaI ± EcoRI fragment isolated from the pX12 plasmid) (Johnson et al., 1986) into the vector pCEP4b (Invitrogen) under the control of the cytomegalovirus promoter. pCEP4b is a mammalian episomal expression vector containing the Epstein-Barr virus replication system and the hygromycin resistance gene. A day after transfection, cells from each plate were split into ®ve 100 mm plates and grown in medium containing 300 mg/ml hygromycin. After 2 weeks, the cells transfected with the pC4SRL plasmid were switched into selective medium supplemented with 30% FCS. The colony forming eciency was determined 4 weeks after having begun the selection: colonies were ®xed, stained with Coomassie blue and counted.
Cell viability assay
Cells were seeded (5610 4 /15 mm well) in complete medium with or without human recombinant NGF-b (4 nM) (Boehringer Mannheim). The following day, the cells were switched into serum-free medium with or without NGF; viable cells were identi®ed by trypan blue exclusion and scored every 24 h for 4 days.
RNA isolation and Northern blot analysis
Total cellular RNA was extracted using guanidine thiocyanate and acid phenol method (Chomczynski and Sacchi, 1986) . RNA samples (20 mg each) were fractionated by 1% agarose/2.2 M formaldehyde gel electrophoresis, blotted onto nitrocellulose ®lters (Amersham) and hybridized with 32 P-labeled DNA probes, as previously described (Bunone et al., 1995) . The following cDNA fragments were used as probes: (a) the 1.5 kb ApaI ± EcoRI fragment of p75 NTR cDNA; (b) the 1.2 kb BamHI ± EcoRI fragment of TrkA cDNA puri®ed from the pDM17 plasmid, which recognizes the tyrosine kinase domain (Martin-Zanca et al., 1989) .
Reverse transcription and PCR
Total RNA (3 mg) was used for cDNA synthesis using oligo (dT) primers and SuperScript II Rnase H 7 reverse transcriptase (Gibco BRL). PCR ampli®cation was carried out using the AmpliTaq Kit (Perkin Elmer Cetus) in a thermal cycler according to the following protocol: initial denaturation at 958C for 3 min was followed by 35 cycles of 30 s denaturation, primer annealing at 568C for 30 s and primer extension for 1 min at 728C. The following forward (F) and reverse (R) primers were used: F (5'-CTGATCGG-CATACAGGCGGA-3'), R (5'-CTCCTTGCCCTTGATG-TCTGTG-3') for NGF; F (5'-ACAATCAGATGGGCC-ACATGG-3'), R (5'-CCATGGGATTGCACTTGGTCT-3') for BDNF; F (5'-TCTCCGTGGCATCCAAGGTAA-3'), R (5'-TCGGACGTAGGTTTGGGATGT-3') for NT-3; F (5'-AGCTTGCCGTAGGTGAAGAT-3'), R (5'-CCTC-CGATCCCATGGACCCGA-3') for TrkA; F (5'-ATT-GAAGAAATTGCAGGCTC-3'), R (5'-TGGAGAAGAG-GAGCTGTATCT-3') for ELE1. Based on published sequences of the respective genes, all neurotrophin primers were chosen within exons. The same pairs of primers were used to amplify NGF, BDNF and NT-3 genomic DNA (100 ng). Aliquots of the ampli®ed products were fractioned in 2% agarose gels, stained with ethidium bromide and photographed under u.v. light.
Immunostaining
Cells, grown on slides, were ®xed in 3% paraformaldehyde for 10 min, washed with PBS and dried. Cells were incubated sequentially with blocking reagent (2.5% BSA in PBS) for 30 min and with rabbit polyclonal antisera anti-p75 NTR (9651; kindly provided by Dr M Chao) for 1 h at room temperature. After washing in PBS for 5 min, slides were incubated with FITC-conjugated rabbit antimouse IgG (diluted 1:100) (Sigma) for 1 h in the same conditions. After washing in PBS, nuclei were stained with Propidium Iodide (1 mg/ml) for 5 min, and then the slides were analysed under a¯uorescence microscope.
Western blot analysis
Cells were washed twice with cold PBS and solubilized on ice in a lysis buer containing: 10 mM Na-phosphate (pH 7.0), 100 mM NaCl, 1% Triton X-100, 5 mM EDTA, 2 mM phenylmethylsulphonyl¯uoride, 10 mg/ml aprotinin, 10 mg/ ml leupeptin, 10 mg/ml pepstatin. The cell lysates were collected in Eppendorf tubes and clari®ed by centrifugation at 10 000 g for 20 min at 48C. The protein concentrations in the supernatants were determined (Pierce BCA Protein Assay). Cell extracts (35 mg of proteins/lane) were fractionated by 8% SDS ± PAGE, transferred onto nitrocellulose ®lters and probed with anti-p75 NTR (9651) or antiTrk (C-14; Santa Cruz Biotechnology) rabbit polyclonal antibodies. Immunoreactive bands were visualized using the ECL chemiluminescence system (Amersham).
DNA fragmentation assay
Cells were lysed in 5 mM Tris HCl (pH 8.0), 10 mM EDTA, 0.5% Triton X-100 for 20 min on ice. After incubation with RNase A (100 mg/ml) for 2 h and proteinase K (200 mg/ml) for 1 h in 1% SDS, DNA was extracted with phenol/clorophorm/isoamyl alcohol (25:24:1), ethanol precipitated, and resuspended in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA). Total DNA was then fractionated by electrophoresis on a 1.8% agarose gel.
